Background: Boys with prepubertal onset of hypogonadotropic hypogonadism (HH) are at a risk of poor testis growth and impaired spermatogenesis. One potential cause for this is deficient proliferation of immature Sertoli cells before and during puberty due to the absence of FSH. Objective: To evaluate the effects of recombinant human FSH (r-hFSH) and human chorionicgonadotropin (hCG) on testicular function and pubertal development in boys with prepubertal onset of HH. Design: Retrospective clinical study. Setting: Two university central hospitals, pediatric referral endocrinology outpatient clinics. Patients: Fourteen boys (aged, 9.9-17.7 years) with prepubertal (testicular volume (TV) !3 ml) onset of HH (idiopathic HH, nZ2; Kallman syndrome, nZ2; idiopathic panhypopituitarism, nZ4; organic panhypopituitarism, nZ6). Intervention: Treatment with r-hFSH alone (2 mo-2.8 years) prior to induction of puberty with the combination of FSH and hCG. Main outcome measures: Progression of puberty, change in serum inhibin B, spermatogenesis. Results: r-hFSH alone increased testicular volume twofold, from 0.9G0.6 ml (meanGS.D.) to 1.8G 1.1 ml (P!0.005), and serum inhibin B threefold, from 27G14 to 80G57 pg/ml (P!0.01). Three boys with an apparent absence of postnatal hypothalamic-pituitary-testicular axis activation displayed attenuated inhibin B responses to long-term (R1 year) r-hFSH (P!0.01). Further significant increase in both TVand inhibin B occurred with induction of puberty with FSH and hCG (P!0.001). Seven boys provided semen samples: one had azoospermia, and others displayed a maximal sperm count range from 2.9 to 92 million/ml (median 8.5 million/ml). Conclusions: (i) r-hFSH induces prepubertal testis growth and increases circulating inhibin B levels, findings suggesting proliferation of immature Sertoli cells. (ii) Puberty was successfully induced with hCG and r-hFSH following r-hFSH priming. (iii) Inhibin B appears useful for monitoring spermatogenetic activity in boys treated with hCG. (iv) Despite the extremely small initial testis volume, six out of seven patients (86%) primed with r-hFSH displayed sperm in the ejaculate suggesting beneficial effect of r-hFSH priming on testicular function later in life.
Introduction
Boys with prepubertal onset of hypogonadotropic hypogonadism (HH) require testosterone, pulsatile gonadotropin-releasing hormone (GnRH), or gonadotropin treatment for induction of puberty. Testosterone treatment aims at virilization and does not induce spermatogenesis, whereas pulsatile GnRH and gonadotropin treatments to some extent compensate for the missing gonadotropin stimulus for the developing testis.
After birth, Sertoli cells proliferate during the first few months of life and in early puberty (1). Under experimental conditions, follicle-stimulating hormone (FSH) stimulates proliferation of immature Sertoli cells (2, 3) . Observations in humans with one of the described gene defects, impairing FSH action (4) (5) (6) also suggest that FSH is required for the development of the Sertoli cell population. The number of Sertoli cells is directly associated with sperm-producing capacity, since each of these somatic cells can nurture only a limited number of developing spermatogenetic cells (7) . In agreement with these findings, men with idiopathic HH (IHH) and lack of prior endogenous puberty display poor response to pulsatile GnRH in terms of testicular growth and spermatogenesis (8) . We have previously introduced a novel treatment for prepubertal boys with HH with recombinant human FSH (r-hFSH) (9) , which aims at increasing sperm-producing capacity by inducing immature Sertoli cell proliferation. In this work, we describe long-term results achieved in boys with prepubertal onset of HH treated with r-hFSH before induction of puberty with human chorionic gonadotropin (hCG).
Patients and methods
Data were retrospectively collected from patient files of fourteen boys (aged, 9.9-17.7 years) with prepubertal onset of HH treated between 1995 and 2005 at the Hospital for Children and Adolescents, University of Helsinki, or at Kuopio University Hospital. Clinical and hormonal data for some of these boys have been published in part previously (9) (10) (11) . Two boys had IHH, two had Kallman syndrome (KS; IHH and hyposmia or anosmia based on anamnesis), four had idiopathic panhypopituitarism (other pituitary hormone deficiencies were adequately substituted), and six had an acquired form of panhypopituitarism and HH due to treatment of an intracranial tumor affecting the pituitary or hypothalamic region (craniopharyngioma, nZ4; pilocytic astrocytoma, nZ2) ( Table 1) . Diagnosis of HH was established by clinical history, physical examination, and subnormal gonadotropin responses to GnRH stimulation. All boys had low serum testosterone levels. Before induction of virilization, the boys were treated with r-hFSH (Gonal-f, Serono; Puregon, Organon) in 3 weekly s.c. doses starting from 1.5 IU/kg (range 180-450 IU/week) for 2 mo-2.8 years. Puberty was then induced by hCG (Profasi HP, Serono, Aubonne, Switzerland; Pregnyl, Organon, Oss, The Netherlands) (range from 500 IU per 2 weeks to 4000 IU per week, 1-3 times per week s.c.). After the onset of hCG treatment, r-hFSH in some patients was changed to highly purified FSH (Fertinorm HP, Serono). During the course of treatment, the boys visited the outpatient clinic at 3-to 6-mo intervals.
Puberty was assessed according to Tanner (12) and testis length and width were measured with a ruler to the nearest millimeter; testis volume in ml was calculated by the formula (length!width!width!0.52) (13) . Serum gonadotropin levels were measured as described elsewhere (11, 14) . Serum inhibin B levels were obtained from previous studies (9, 11) or measured with a commercially available immunoassay (Serotec, Oxford, UK) with sensitivity !15.6 pg/ml, within-assay coefficient of variation (CV) !5%, and between-assay CV%14% at 82 or 219 pg/ml and 19.7% at a mean level of 41 pg/ml. Semen analyses were performed according to the World Health Organization guidelines (15) . The review of the patient files was approved by the ethics committee of the hospital.
Statistical analysis
Because the same subjects were investigated repeatedly, we employed the technique of summary methods (16) ; to assess testicular responsiveness to r-hFSH and to FSH plus hCG, the highest inhibin B value for each patient during the respective treatment period served as the raw data in paired t tests. Similarly, average testis volume (or volume of the right or left testis if the average volume of both testes was unavailable) during the r-hFSH and the FSH plus hCG treatment was calculated for each subject, serving as the raw data in paired t tests. The Spearman rank correlation coefficient was calculated between sperm counts and serum inhibin B levels. P!0.05 was considered to indicate statistical significance.
Results

Effect of gonadotropin treatment on serum inhibin B levels and testis volume
Subjects in this series received r-hFSH treatment for 2 mo-2.8 years. The length of r-hFSH treatment correlated negatively with the age of the patient at the start of treatment (rZK0.78, nZ14, P!0.001; Table 1 ). The r-hFSH increased serum inhibin B from (meanGS.D.) 27G14 to 80G57 pg/ml (maximal value in each patient observed during r-hFSH) (P!0.01) and testicular size from 0.9G0.7 ml (nZ12) to 1.8G1.1 ml (nZ13) (P!0.005; mean of average testis volumes observed during treatment; Fig. 1 ). Further increases in both parameters were encountered in thirteen boys after addition of hCG to the regimen ( Fig. 1 ; P!0.001). However, no unequivocal differences between patients with different etiologies of HH were observed (Fig. 2) . The maximal inhibin B levels observed during treatments with r-hFSH alone or with FSH plus hCG correlated strongly with each other (r s Z0.87, P!0.005, nZ13) and with average testis volumes measured during these treatment periods (r s Z0.75, P!0.01, nZ13, and r s Z0.67, P!0.05, nZ13 respectively).
Nine boys received r-hFSH R1 year before the onset of hCG treatment (Table 1) . Three of these subjects had significantly lower peak inhibin B responses to r-hFSH (P!0.01) when compared with the other six boys (indicated with arrows in Fig. 2B ) and tended to have smaller testes during the treatment (2.3G1.2 vs 0.8G 0.2 ml, PZ0.08). Based on serum FSH levels during the treatment, this difference in inhibin B response was not attributed to compliance between these subgroups (data not shown). Although, all these three boys (patients 4, 8, and 11 in Table 1 ) had different etiologies of HH, their clinical histories revealed an apparent absence of postnatal activation of the hypothalamic-pituitarytesticular (HPT) axis: craniopharyngioma operated on shortly after birth resulting in panhypopituitarism (patient 11 in Table 1 ), KS (subject 4) or panhypopituitarism (patient 8), patients 4 and 8 both had histories of microphallus and bilateral cryptorchidism.
Progression of puberty during gonadotropin treatment
Progression of puberty during the treatment with r-hFSH or FSH plus hCG in fourteen boys with prepubertal onset of HH is shown in Fig. 3 . Expectedly, as compared to healthy Finnish boys (17) , the onset of puberty in boys with HH was sometimes delayed. This was related to delayed diagnosis and/or start of treatment. Once treatments were started, however, genital development progressed at a normal rate ( Fig. 3 ). Some boys displayed slow growth of pubic hair (Fig. 3 ).
Longitudinal data on three patients Figure 4 shows individual longitudinal data on three patients treated with r-hFSH before induction of puberty with hCG providing novel aspects of testicular physiology. Patient 9 (Table 1) had pilocytic astrocytoma detected at the age of 3 years and subsequently treated with iodine implants. He received r-hFSH from the age of 10 to 11.5 years, resulting in testis growth and increased serum inhibin B (Fig. 4A ). After cessation of r-hFSH, however, both parameters decreased. During the combined treatment with FSH and hCG, testis volume and serum inhibin B level increased markedly.
Patient 10 (Table 1) had panhypopituitarism due to a craniopharyngioma operated on at the age of 10 years. His testicular volume and inhibin B levels increased during the r-hFSH treatment (9) . After addition of hCG to the regimen, testicular volume further increased (Fig. 4B ). One and a half years after the start of hCG treatment, spermatozoa were found in semen samples; this was followed by a substantial increase in serum inhibin B and an improvement in sperm count (Fig. 4B ). Patient 10 ultimately achieved a normal sperm count that interestingly was sustained after cessation of FSH, with hCG alone.
Patient 7 (Table 1) (9) had idiopathic panhypopituitarism. His inhibin B level increased in response to r-hFSH, and a further increase was observed after addition of hCG to the regimen. However, inhibin B levels decreased continuously during the course of FSH plus hCG therapy. After 8.5 years of gonadotropin treatment, he provided the first semen sample for possible future use; this sample contained sperm in the ejaculate (Fig. 4C ). Subsequent samples showed improvement in the sperm count (Fig. 4C ).
Spermatogenesis
During treatment with FSH and/or hCG, seven boys provided semen samples. The first ejaculate containing sperm for each subject was observed when testicular volume ranged from 6.2 to 14.4 ml, the Tanner P stage ranged from P3 to P6 and the Tanner G stage was G4 or G5. Only one subject (patient 3, Table 1 ) displayed azoospermia, whereas the median of the maximal sperm count for the other six boys was 8.5 million/ml (range 2.9-92 million/ml) ( Table 1 ). The pretreatment testicular volume correlated with maximal sperm count (rsZ0.9, nZ6, P!0.05). Aliquots of the semen samples were frozen for possible future use.
Discussion
We describe progression of puberty, testicular responsiveness to gonadotropin therapy, and spermatogenesis in boys with prepubertal onset of HH primed with r-hFSH and subsequently treated with FSH and hCG.
To our knowledge, this is the first study describing the effect of prepubertal r-hFSH priming on testicular function later in life. Although some boys displayed relatively slow progression of pubic hair growth, gonadotropin treatment induced puberty and genital development in all subjects. This is important because patients are often concerned about their lack of puberty and being different from their peers. The rationale of r-hFSH treatment, which sometimes may postpone virilization desired by the patient, is to induce proliferation of immature Sertoli cells before their number becomes fixed (9) . As far as we are aware, there is currently only one preliminary work Table 1 ; B, patient 10 in Table 1 ; C, patient 7 in Table 1 .
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www.eje-online.org that describes histological findings following 4-mo of r-hFSH treatment: an increase in testis volume and serum inhibin B was accompanied by an increase in Sertoli cell and type A spermatogonia numbers (18) . Our results suggest similar beneficial effects of r-hFSH treatment on the developing testis in boys.
During the first few months of life, the most profound postnatal proliferation of Sertoli cells occurs (1) and is accompanied by an increase in circulating inhibin B (19) . In the current work, three boys with the poorest inhibin B responses to long-term r-hFSH treatment all had evidence of absent postnatal activation of the HPT axis (minipuberty), suggesting an impact of very early luteinizing hormone (LH), testosterone and FSH secretion on testicular responsiveness to gonadotropins later in life. This concept of earlier testicular development having an impact on treatment response later in life is in accord with observations in men with IHH (8) . On the other hand, Young et al. (20) showed that shortterm r-hFSH administration to men with congenital forms of HH increased circulating inhibin B. However, the degree of HPT axis function during minipuberty in such patients has not been described in detail.
All patients in this series had small initial testicular volume (!3 ml), which predicts a substantial risk for azoospermia, when employing conventional gonadotropin treatment protocols. For example, Miyagawa et al. (21) reported that only 36% of men with initial testis volume of !4 ml displayed sperm in the ejaculate after gonadotropin treatment. In our series, six of seven patients (86%) primed with r-hFSH encouragingly displayed sperm in the ejaculate, and the one with azoospermia reported difficulties in providing the sample. Yet, r-hFSH treatment appeared not to have a dramatic impact on sperm counts, and our small patient series was heterogeneous in terms of etiology of HH and the presence or absence of cryptorchidism. Thus, randomized placebo-controlled studies are needed to evaluate the ultimate effect of peripubertal r-hFSH priming on future spermatogenesis.
Our data enable interesting observations on both testicular development and inhibin B in response to gonadotropins. First, the lack of minipuberty seemingly predicted poor prognosis for spermatogenesis, as patients 3 (3 mo of r-hFSH treatment) and 4 (1.4 years of r-hFSH treatment; Table 1 ) displayed the lowest sperm counts of all patients examined. It is tempting to speculate that these two patients would have benefited from FSH and LH treatments during the first year of life (22) .
Indeed, recent evidence from elegant rodent (23) and nonhuman primate (3) models suggest that not only FSH, but also androgens and/or LH can induce Sertoli cell proliferation. Second, the continuous increase in sperm count in patient 10 was followed by a sustained increase in serum inhibin B, a finding in agreement with the concept that inhibin B in men is a joint product of germ cells and Sertoli cells (24) . However, additional complexity comes from the recent evidence suggesting that not only cells within the seminiferous tubules, but also Leydig cells significantly contribute to circulating inhibin B in boys (25) . A role of Leydig cells in the production of inhibin B, either directly or through induction of spermatogenesis, is in agreement with our findings showing higher inhibin B levels during hCG plus FSH regimen as compared to FSH alone. It is noteworthy that FSH induces LH receptor expression (26) . Third, in patient 7 (Table 1) , long-term treatment with hCG was associated with a decline in serum inhibin B. The hCG may cause intratesticular bleeding (27) and inflammation-like changes within the gonad (28) and induce apoptosis of germ cells (29, 30) . Moreover, patients with HH may develop antibodies against hCG (31, 32) . While pulsatile GnRH or recombinant LH treatment might have provided more physiological means of inducing virilization and fertility than hCG, patient 10 still achieved a normal sperm count that was maintained with hCG alone. Thus, whether the decline in serum inhibin B in this patient reflected intratesticular pathology is unclear. Further studies are clearly needed to address this issue.
Given that men with HH may naturally conceive their partners with a very low sperm count (33) , and that intracytoplasmic sperm injection (ICSI) has been successfully used in men with HH, who remain azoospermic after gonadotropin treatment (34) , the rationale for an attempt to increase sperm-producing capacity with r-hFSH priming in boys with prepubertal onset of HH may be questioned. However, ICSI has not completely solved the infertility problem among men with HH (35) and pregnancy rate per ICSI cycle in men with HH is lower in obstructive cases (17.6 vs 34.5%) (34) . Therefore, we feel that treatments aiming at improving of endogenous testicular function are justified.
In conclusion, (i) r-hFSH induces prepubertal testis growth and increases circulating inhibin B levels, findings suggesting proliferation of immature Sertoli cells. (ii) Puberty was successfully induced with hCG and r-hFSH following r-hFSH priming. (iii) Inhibin B appears useful for monitoring spermatogenetic activity in boys treated with hCG. (iv) Despite the extremely small initial testis volume, six out of seven patients (86%) primed with r-hFSH displayed sperm in the ejaculate suggesting beneficial effect of r-hFSH priming on testicular function later in life.
